In this research work, a non-enzymatic amperometric sensor for the determination of glucose was designed based on carbon nanodots (C-dots) and copper oxide (CuO) nanocomposites (CuO-C-dots). The CuO-C-dots nanocomposites were modified on the surface of a screen-printed carbon electrode (SPCE) to increase the sensitivity and selectivity of the glucose sensor. The as-synthesized materials were further analyzed for physico-chemical properties through characterization tools such as transmission electron microscopy (TEM) and Fourier-transform infrared spectroscopy (FTIR); and their electrochemical performance was also studied. The SPCE modified with CuO-C-dots possess desirable electrocatalytic properties for glucose oxidation in alkaline solutions. Moreover, the proposed sensing platform exhibited a linear range of 0.5 to 2 and 2 to 5 mM for glucose detection with high sensitivity (110 and 63.3 µA mM −1 cm −2 ), and good selectivity and stability; and could potentially serve as an effective alternative method of glucose detection.
Introduction
Diabetes is a disease that occurs when blood glucose level in the body is extremely high, reducing the cells' ability to absorb sugar and convert it into energy. Normal blood glucose levels in humans should be less than 5.5 mM, with diabetics recording 7.0 mM or more (National Institute for Health and Care Excellence, NICE) [1] . Diabetics are required to check their glucose levels several times a day and take insulin to maintain stability. Hence, the determination of glucose concentration in body fluids is important for the effective diagnosis, monitoring, and treatment of diabetic patients. The challenge in controlling diabetes is strongly associated with the accurate, rapid, and sensitive monitoring of glucose levels and extensive efforts have been devoted to this end in recent years [2] [3] [4] [5] .
Glucose biosensors have greatly contributed to the monitoring of glucose levels in diabetic patients [6] [7] [8] [9] . Enzymatic electrochemical biosensors, for example, offer good selectivity and
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Materials, Chemicals, and Instrumentation
The materials and chemicals used in this work are listed as follows: graphite rod (99.999%, St. Louis, MO, USA, Sigma-Aldrich), ultrapure water (18.2 MΩ cm −1 ), ethanol (99.9%, Bangkok, Thailand, RCl Labscan Limited), sodium hydroxide (Lobachemie, Mumbai, India), copper(II) oxide nanopowder (Sigma-Aldrich, St. Louis, USA), poly-(dimethyldiallylammonium chloride) (PDDA, MW = 200,000-350,000, 20 wt% in water, Sigma-Aldrich, St. Louis, MO, USA), D-glucose (Fisher scientific, New Hampshire, USA), sucrose (Ajax Finechem, Prospect, South Australia), lactose (Fluka, St. Louis, MO, USA), dopamine (Sigma-Aldrich, St. Louis, MO, USA), ascorbic acid (Ajax Finechem, Prospect, South Australia), and uric acid (Sigma-Aldrich, St. Louis, MO, USA). All the chemicals used were of analytical reagent grade.
Transmission electron microscopy (TEM) and scanning electron microscopy (SEM) images were obtained using a transmission electron microscope (JEM 2010, Jeol, Japan) and a field emission scanning electron microscope (JSM 6335 F, Jeol, Japan), respectively. FTIR spectrum was recorded on a FTIR spectrophotometer (Thermo Scientific, Massachusetts, USA) from 400 to 4000 cm −1 . EmStat potentiostats (PalmSens, Houten, Netherlands) was employed for electrochemical detection.
Synthesis of carbon nanodots (C-dots)
C-dots were synthesized with an electrochemical exfoliation method, using two graphite rods (diameter 3 mm) as the working electrode and the counter electrode placed at a distance of 1.0 cm. Typically, ethanol (140 mL), ultrapure water (10 mL), and NaOH (0.12 g) were mixed to obtain an electrolyte precursor solution. Static potential of 60 V from a direct current (DC) power supply was applied to the two electrodes for 3 h under continuous stirring and N 2 atmosphere. After 3 h, the excess precipitates were removed by centrifugation at 6000 rpm for 10 min. Consequently, a homogeneous supernatant containing C-dots dispersion was obtained [43, 44] .
Synthesis of carbon nanodots and copper oxide nanocomposite (CuO-C-dots)
Firstly, 45 mL C-dots and 0.020 g CuO were mixed for 30 min with continuous stirring and the solution was then heated to 100 • C. Secondly, 5 mL of 0.5 M NaOH was added to the boiling solution and kept at that temperature for 5 min. After cooling down to room temperature, the suspension was copiously washed with water and ethanol. Finally, the product was subjected to evaporate and CuO-C-dots were collected [45] .
Preparation of the CuO-C-dots Nanocomposite Modified Electrode
The prepared 10 mg of CuO-C-dots nanocomposite was dispersed in 1.00 mL of ultrapure water by ultrasonic treatment for 30 min. Then 3 µL of the suspension was dropped on the surface of the SPCE (diameter 2 mm) and dried under an infrared lamp. Finally, 5 µL of 0.5% PDDA solution was coated onto the electrode surface and dried under an incandescent lamp.
Electrochemical Measurement of Glucose
EmStat potentiostats was used for chronoamperometric glucose detection with a three-electrode system using the modified SPCE as a working electrode, carbon as an auxiliary electrode, and Ag/AgCl as a reference electrode using 50 µL of 0.1 M NaOH solution as a total volume of electrolyte solution. The current response was recorded for 100 s for all amperometric experiments.
Results and Discussion
Characterizations of C-dots and CuO-C-dots
C-dots were synthesized by the electrochemical exfoliation method. A graphite rod acted as the carbon source and alkaline alcohol as an electrolyte. After 3 h, the colorless solution changed into a dark yellow solution, indicating successful preparation of C-dots. The morphology of the synthesized C-dots was further characterized by TEM. It was found that well-dispersed C-dots were of uniform (small spherical) shape with an average diameter of 2 nm, as shown in Figure 1A ,B, respectively. Moreover, the lattice fringe of C-dots was analyzed through high-resolution TEM (HRTEM), as shown in Figure 1C . The lattice fringe of about 0.367 nm can be assigned to the (002) reflection plane of graphite [46, 47] . Moreover, the lattice fringe of C-dots was analyzed through high-resolution TEM (HRTEM), as shown in Figure 1C . The lattice fringe of about 0.367 nm can be assigned to the (002) reflection plane of graphite [46, 47] . FTIR was then used to analyze the functional groups of C-dots, as shown in Figure 2 . The presence of the oxygen-containing groups can be confirmed by the stretching vibration bands of broad peak of O−H at 3300 cm −1 , C=O at 1648 cm −1 , and the epoxide group at 1087 cm −1 . Moreover, there were a few absorption peaks, including C−H stretching at 2974 cm −1 , bending vibrations of aromatic C=C, and aromatic =C−H around 1378 cm −1 and 879 cm −1 , respectively. Owing to the presence of polar functional groups, the synthesized C-dots showed a highly hydrophilic property and excellent dispersibility in water [43, 44, 48, 49] . X-ray photoelectron spectroscopy (XPS) of the CuO-C-dots nanocomposite was done to further confirm the product's composition and chemical states. The high-resolution XPS spectrum of C 1s showed the highest intensity, demonstrating the presence of carbon in the nanocomposite structure, as shown in Figure 3A FTIR was then used to analyze the functional groups of C-dots, as shown in Figure 2 . The presence of the oxygen-containing groups can be confirmed by the stretching vibration bands of broad peak of O−H at 3300 cm −1 , C=O at 1648 cm −1 , and the epoxide group at 1087 cm −1 . Moreover, there were a few absorption peaks, including C−H stretching at 2974 cm −1 , bending vibrations of aromatic C=C, and aromatic =C−H around 1378 cm −1 and 879 cm −1 , respectively. Owing to the presence of polar functional groups, the synthesized C-dots showed a highly hydrophilic property and excellent dispersibility in water [43, 44, 48, 49] . Moreover, the lattice fringe of C-dots was analyzed through high-resolution TEM (HRTEM), as shown in Figure 1C . The lattice fringe of about 0.367 nm can be assigned to the (002) reflection plane of graphite [46, 47] . FTIR was then used to analyze the functional groups of C-dots, as shown in Figure 2 . The presence of the oxygen-containing groups can be confirmed by the stretching vibration bands of broad peak of O−H at 3300 cm −1 , C=O at 1648 cm −1 , and the epoxide group at 1087 cm −1 . Moreover, there were a few absorption peaks, including C−H stretching at 2974 cm −1 , bending vibrations of aromatic C=C, and aromatic =C−H around 1378 cm −1 and 879 cm −1 , respectively. Owing to the presence of polar functional groups, the synthesized C-dots showed a highly hydrophilic property and excellent dispersibility in water [43, 44, 48, 49] . X-ray photoelectron spectroscopy (XPS) of the CuO-C-dots nanocomposite was done to further confirm the product's composition and chemical states. The high-resolution XPS spectrum of C 1s showed the highest intensity, demonstrating the presence of carbon in the nanocomposite structure, as shown in Figure 3A Sensors 2020, 20, 808 5 of 12 X-ray photoelectron spectroscopy (XPS) of the CuO-C-dots nanocomposite was done to further confirm the product's composition and chemical states. The high-resolution XPS spectrum of C 1s showed the highest intensity, demonstrating the presence of carbon in the nanocomposite structure, as shown in Figure 3A . The main peak at 285.0 eV corresponds to sp 2 (C-C, C=C) bonding. The shoulders at about 288.5 eV and 290.0 eV correspond to C=O and O-C=O binding energies (BEs), respectively. The BEs for the chemical states of C-OH and C-O-C typically lies at 286.6 eV. The high high-resolution O 1s spectrum in Figure 3B further confirms the presence of CuO and Cu 2 O. The other two peaks are tentatively assigned at 532.6 eV, ascertained by to the presence of Cu-O-C bonding and the C=O groups in C-dots. The BE at 533.7 eV can be attributed to the original oxygen in C-dots and chemisorbed water molecules (H 2 O). Besides, the high-resolution XPS spectrum of Cu 2p shows two characteristic peaks with BEs at 932.1 and 951.7 eV, which can be assigned to Cu 2p 3/2 and Cu 2p 1/2 , respectively ( Figure 3C ). The binding energy of the Cu 2p 3 [35, 47] . The nanocomposites of PDDA/CuO-C-dots were then prepared for application as nanozymes for the detection of glucose. The SEM image of the surface of CuO-C-dots modified on SPCE is shown in Figure 4A . It was found that CuO-C-dots were well covered on the electrode surface with larger surface area, and carbon, oxygen, and copper was found in the EDS spectrum, as shown in Figure 4B . In addition, reticular structures were obtained on incorporation of PDDA onto CuO-C-dots, as presented in Figure 4C . The EDS spectrum shown in Figure 4D confirms the existence of carbon, copper, oxygen, nitrogen, and chloride (from PDDA), indicating that the PDDA/CuO-C-dots were successfully modified. The nanocomposites of PDDA/CuO-C-dots were then prepared for application as nanozymes for the detection of glucose. The SEM image of the surface of CuO-C-dots modified on SPCE is shown in Figure 4A . It was found that CuO-C-dots were well covered on the electrode surface with larger surface area, and carbon, oxygen, and copper was found in the EDS spectrum, as shown in Figure 4B . In addition, reticular structures were obtained on incorporation of PDDA onto CuO-C-dots, as presented in Figure 4C . The EDS spectrum shown in Figure 4D confirms the existence of carbon, copper, oxygen, nitrogen, and chloride (from PDDA), indicating that the PDDA/CuO-C-dots were successfully modified. 
Electrochemical Characterization of the Proposed Electrode
Cyclic voltammetry was used to investigate the electrochemical characteristics of glucose oxidation on various modified electrodes in 0.10 M NaOH solution with 5 mM glucose. Cyclic voltammograms are shown in Figure 5 . There was no obvious signal response obtained from bare SPCE and PDDA/SPCE. When C-dots were modified on SPCE, a slightly higher background current was observed because of a large surface area of C-dots. Similarly, the current response was significantly increased on the CuO/SPCE, indicating that CuO had ample electrocatalytic activity to glucose oxidation. In addition, the PDDA/CuO-C-dots exhibited a markedly improved current response of glucose oxidation with oxidation peak of about 0.50 V vs. Ag/AgCl. The probable reason for this might be the synergistic effects of nanocomposites, which include (1) good electrical conductivity and high stability of PDDA, (2) good catalytic activity for glucose oxidation of CuO nanoparticles, and (3) enhanced surface area of the electrode and prevention of agglomeration of CuO nanoparticles from C-dots.
The electrocatalytic oxidation of glucose in alkaline solution at the PDDA/CuO-C-dots/SPCE can be described as follows: CuO is firstly oxidized to CuOOH as a strong oxidizing agent. The Cu(III) species then electrochemically oxidized glucose to gluconolactone, responding to the oxidation peak of glucose's oxidation reaction, as shown in Figure 5 (purple line) [50] . 
Cyclic voltammetry was used to investigate the electrochemical characteristics of glucose oxidation on various modified electrodes in 0.10 M NaOH solution with 5 mM glucose. Cyclic voltammograms are shown in Figure 5 . There was no obvious signal response obtained from bare SPCE and PDDA/SPCE. When C-dots were modified on SPCE, a slightly higher background current was observed because of a large surface area of C-dots. Similarly, the current response was significantly increased on the CuO/SPCE, indicating that CuO had ample electrocatalytic activity to glucose oxidation. In addition, the PDDA/CuO-C-dots exhibited a markedly improved current response of glucose oxidation with oxidation peak of about 0.50 V vs. Ag/AgCl. The probable reason for this might be the synergistic effects of nanocomposites, which include (1) good electrical conductivity and high stability of PDDA, (2) good catalytic activity for glucose oxidation of CuO nanoparticles, and (3) 
Effect of CuO-C-dots Modified on Screen-printed Carbon Electrode
A higher current response of glucose oxidation was obtained from a large catalytic active site on the modified electrode surface. Therefore, the amount of CuO-C-dots nanocomposite was optimized by depositing different layers of CuO-C-dots (each layer is 3 µL of CuO-C-dots suspension) before The electrocatalytic oxidation of glucose in alkaline solution at the PDDA/CuO-C-dots/SPCE can be described as follows: CuO is firstly oxidized to CuOOH as a strong oxidizing agent. The Cu(III) species then electrochemically oxidized glucose to gluconolactone, responding to the oxidation peak of glucose's oxidation reaction, as shown in Figure 5 (purple line) [50] .
A higher current response of glucose oxidation was obtained from a large catalytic active site on the modified electrode surface. Therefore, the amount of CuO-C-dots nanocomposite was optimized by depositing different layers of CuO-C-dots (each layer is 3 µL of CuO-C-dots suspension) before coating the electrode surface with PDDA. The as-coated multiple layers of suspension were studied by constructing calibration graphs of glucose in a range of 0.5 to 2 mM using amperometric detection at a constant potential of +0.50 V vs. Ag/AgCl; the slopes obtained indicate sensitivity of different layer-modified electrodes. Sensitivity obviously increased with rise in CuO-C-dots layer up to four layers and decreased after continuous deposition, as shown in Figure 6 . Thick films can hinder electron transfer between glucose and the electrode surface, and reduce the electrocatalytic active area of the modified electrode. Thus, four sequential layers of CuO-C-dots were selected for further study. 
Amperometric Detection of Glucose by the Proposed Electrode
Chronoamperometry was employed as a detection technique to determine glucose using PDDA/CuO-C-dots/SPCE as a working electrode at a constant oxidation potential of +0.50 V. The steady current from 80-100 s was used as a current response, and current increased with increasing glucose concentration, as shown in Figure 7A . The calibration graph in Figure 7B shows two linear ranges: 0.5 to 2 mM and 2 to 5 mM with a limit of detection of 0.2 mM. The current began to saturate at a glucose concentration higher than 5 mM due to limitations of the active surface of the modified electrode. Their corresponding linear equations were I (µA) = 3.4708C (mM) + 0.3777 with R 2 = 0.9994 and I (µA) = 1.9552C (mM) + 2.6148 with R 2 = 0.9977, respectively. It was found that sensitivity at high concentration was lower than that at low concentration due to the saturated adsorption dynamics of the former. A summary of the analytical performance of various glucose sensors, including enzymatic and non-enzymatic ones, is shown in Table 1 . The developed non-enzymatic glucose sensor exhibited good analytical characteristics such as good linearity and high sensitivity. Moreover, the preparation and detection procedures of the proposed method were also simple, quick, and cost-effective. and I (µA) = 1.9552C (mM) + 2.6148 with R 2 = 0.9977, respectively. It was found that sensitivity at high concentration was lower than that at low concentration due to the saturated adsorption dynamics of the former. A summary of the analytical performance of various glucose sensors, including enzymatic and non-enzymatic ones, is shown in Table 1 . The developed non-enzymatic glucose sensor exhibited good analytical characteristics such as good linearity and high sensitivity. Moreover, the preparation and detection procedures of the proposed method were also simple, quick, and cost-effective. 
Selectivity and Stability of the Glucose Sensor
The physiological level of glucose concentration is normally about 3-8 mM, which is higher than that of main interferences such as ascorbic acid (0.1 mM) and uric acid (0.1 mM) [56] . Therefore, the 
The physiological level of glucose concentration is normally about 3-8 mM, which is higher than that of main interferences such as ascorbic acid (0.1 mM) and uric acid (0.1 mM) [56] . Therefore, the amperometric responses of the proposed sensor with 1 mM glucose and other interfering species (ascorbic acid, uric acid, dopamine, sucrose, and lactose) at a concentration of 0.1 mM were investigated. Figure 8 shows a negligible current response of other species, compared to glucose, demonstrating that the fabricated sensor had excellent selectivity toward glucose.
Sensors 2020, 20, x FOR PEER REVIEW 9 of 12 amperometric responses of the proposed sensor with 1 mM glucose and other interfering species (ascorbic acid, uric acid, dopamine, sucrose, and lactose) at a concentration of 0.1 mM were investigated. Figure 8 shows a negligible current response of other species, compared to glucose, demonstrating that the fabricated sensor had excellent selectivity toward glucose. Furthermore, the stability of the PDDA/CuO-C-dots/SPCE was studied by measuring the current response of 5 mM glucose by storing the modified electrode at room temperature. It was found that there was no obvious change in current response after 12 days, thus highlighting good stability of the proposed sensor. Batch variation of the CuO-C-dots-based amperometric sensor was evaluated. The repeatability of the modified electrode was found to be 2.6% RSD (n = 7). 
Applicability of the Prepared Sensor for Glucose Measurement in Real Time
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To evaluate the practical usefulness of the as-fabricated sensor, the proposed sensor was used to determine glucose levels in human blood serum samples. Although many proteins in serum samples can act as insulators and block electron transfer between the solution and the electrode surface, the serum samples should be significantly diluted (100 times with 0.1 M NaOH solution) before analysis. The samples were spiked with standard glucose to obtain final concentrations at 0.5, 1.0, and 3.0 mM. The recoveries of the spiked samples were found from 88 to 94%, as shown in Table 2 . The analytical results indicate that the PDDA/CuO-C-dots nanocomposite modified on SPCE is reliable for determining glucose, and nanocomposites could be a possible alternative nanozyme in constructing new kind of glucose sensors. However, to enhance the applicability of the sensor for low-level detection, sample preparation should be optimized to further separate other type of interferences. 
Conclusions
In summary, we successfully prepared a CuO-C-dots nanocomposite and fabricated a non-enzymatic glucose sensor based on PDDA/CuO-C-dots, modified on an SPCE electrode. Due to the synergistic effects of the high surface area of C-dots, good electrical conductivity of PDDA, and remarkable catalytic active sites of CuO nanoparticles, the as-prepared nanocomposites showed excellent electrochemical properties in catalyzing the oxidation reaction of glucose. The developed sensor (CuO-C-dots/SPCE) offers several advantages, which include simple procedures for preparation and detection, fast analysis, high sensitivity, and good selectivity and stability. Moreover, the satisfied recoveries indicate that the sensor is reliable and can be applied to the determination of glucose in real samples.
